M1 RNA is the catalytic component of RNase P, a tRNA-processing enzyme in Escherichia coli. M1 RNA is produced in the cell by transcription of the rnpB gene and subsequent processing at the 3' end. The 3' flanking region of rnpB contains repeated sets of overlapping sequences coding for small proteins. The issue of whether these proteins are expressed remains to be established. In this study, we showed the expression of a small protein encoded by the first repeat within the 3' flanking region of rnpB. Interestingly, protein expression was increased at lower temperatures. The termination efficiency of rnpB terminators was decreased at lower temperatures, suggesting that antitermination is responsible for enhanced protein expression. Moreover, the purified small protein contained M1 RNA, implying a role as a specific RNA-binding protein.
Introduction
RNase P was initially characterized as a tRNA-processing enzyme, which removes the 5' extra sequences from precursor tRNAs to generate mature 5' termini. 1 RNase P is additionally involved in the processing of other non-coding RNAs, such as 4.5 S RNA and tmRNA, and degradation of several Escherichia coli mRNAs. [2] [3] [4] [5] The RNase P enzymes from diverse organisms contain both essential RNA and protein components. 6, 7 E. coli RNase P consists of two subunits, M1 RNA comprising 377 nucleotides and C5 protein with 119 amino acids. 8 While M1 RNA alone is the catalytic reaction precursor in vitro, 9 both components are essential in vivo and for efficient in vitro reactions under physiological conditions. 10 The C5 protein plays a crucial role in recognizing substrates and reducing the deleterious effects of mutations in M1 RNA. [11] [12] [13] M1 RNA is synthesized by transcription of the rnpB gene and subsequent processing. 14, 15 The majority of transcription occurs from the nearest promoter, P-1, with initiation at position 1 of mature M1 RNA, and terminates at an intrinsic terminator (T1) to generate precursor M1 RNA (pM1 RNA) containing an extra 36 nucleotide stretch. 16, 17 The 3' flanking region of rnpB contains 113 bp repeats that are not perfectly identical, including the sequence coding for the 3' terminal 24 nucleotides of M1 RNA and the intrinsic transcription termination region. [18] [19] [20] This unit begins from position +354, and is successively repeated almost 3.5 times. The sequences additionally include three repeated sets of overlapping coding regions, which may generate small proteins. However, the expression patterns and functions of these proteins are currently unknown. To allow protein expression, rnpB transcription should run through the terminator regions.
In this study, we examined whether small proteins are expressed from the 3' flanking region. We found that a small protein encoded by the first coding region was expressed and that its expression increased upon lowering of the culture temperature. Moreover, the small protein interacted with RNA, supporting its role as an RNA-binding protein.
Experimental Section
Bacterial strains and plasmids. The E. coli K-12 strain, JM109, was used for constructing and maintaining plasmids, while BL21(DE3) was used for expressing recombinant proteins. We employed pLM1, a derivative of pGEM3 that contains the rnpB sequence between positions −270 and +1286, as the parental plasmid. Plasmid pLMd23 was a derivative of pLM1 with an internal deletion between positions +57 and +330 in the M1 RNA structural region. 16 The pGEX4T-1 plasmid (Amersham Biosciences) was used as a PCR template for amplifying the GST coding sequence.
Plasmid construction. To construct plasmids expressing GST-ORF fusion proteins, we amplified the GST coding sequence by PCR using pGEX4T-1 as a template, which was cloned into the BamH1 and EcoR1 sites of pGEM3 (Promega) to generate pGEM-GST. The DNA fragments spanning positions −200 to +547 and +551 of rnpB were amplified using pLM1 as a template for ORF1 and ORF2, respectively. Fragments containing rnpB were cloned into the HindIII and BamHI sites of pGEM-GST to generate rnpB-ORF-GST fusion plasmids. For overexpression of ORF-GST fusion proteins, the coding regions were amplified and cloned into the XhoI and NdeI sites of pET-22(b)+ to generate pET-ORF1-GST and pET-ORF2-GST. The resulting recombinant plasmids were subjected to site-directed mutagenesis for destruction of the stem-loop structure of the rnpB transcription terminators, thus generating pET-ORF1m-GST and pET-ORF2m-GST. The control pET-GST plasmid expressing GST protein was constructed using a similar procedure. The primers used for amplification and site-directed mutagenesis are presented in Table 1 . coli cells containing pLMd23, as described previously. 16 RNA samples were electrophoresed on a 5% polyacrylamide gel containing 7 M urea, electrotransferred to a Hybond-N + membrane (Amersham), and hybridized. 21 The probe employed was antisense M1 RNA generated from HindIIIlinearized pLMd23 DNA using T7 RNA polymerase and [α-
Analysis of ORF-GST
32 P]-CTP or 32 P-labeled antisense oligonucleotide that hybridizes specifically to run-through rnpB transcripts. Hybridization signals were analyzed quantitatively using an Image analyzer BAS-1500 (Fuji).
Overexpression and purification of ORF-GST fusion proteins. E. coli BL21(DE3) cells containing ORF-GST plasmids were grown to A 600 of 0.5, and induced with 1 mM IPTG for 3 h. Cells were harvested, and extracts prepared by sonication after adding the protease inhibitor cocktail (Pharmacia) in PBS. Cell extracts were centrifuged at 25,000 × g for 30 min at 4 o C. The supernatant was loaded onto a glutathione affinity column, and GST fusion protein eluted with 10 mM reduced glutathione (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0), according to the manufacturer's instructions (Amersham Biosciences). The GST control protein was purified from BL21(DE3) cells containing pET-GST.
Determination of the M1 RNA content of purified protein fractions. Purified ORF-GST protein (200 μg) was extracted with phenol:chloroform (5:1), and RNA was ethanol-precipitated. The RNA sample was electrophoresed on a 5% polyacrylamide gel containing 7 M urea, and electrotransferred to a Hybond-N + membrane (Amersham). Hybridization was performed as described above with the antisense M1 RNA probe. The quantity of M1 RNA was estimated by analyzing the filter with Image analyzer BAS-1500 (Fuji).
Gel mobility shift assay. A gel mobility shift assay for analysis of interactions between ORF-GST and M1 RNA was performed according to the procedure of Lee et al. 29 Approximately 0.1 nM RNA internally labeled with [α-32 P]-CTP was incubated in standard binding buffer containing 20 mM K-HEPES, pH 8.0, 400 mM NH 4 OAc, 10 mM Mg(OAc) 2 , 0.01% (v/v) Nonidet P-40, and 5% glycerol at 37 °C for 10 min. In addition to ORF-GST protein, GST and MBP-C5 were used as negative and positive controls for M1 RNA binding, respectively. MBP-C5 protein was purified using an established protocol.
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Results
The 3' flanking region of rnpB contains 113 bp repeats that occur about 3.5 times. Each repeat includes the 3' terminal 24 bp of rnpB and an intrinsic terminator (Fig. 1) . Sequence analysis of the 3' flanking region reveals the presence of six open reading frames (ORFs) for small proteins, specifically, three overlapping coding regions with two ORFs per region. The overlapping coding region appears three times due to sequence repetition in the 3' flanking region, and contains the putative Shine-Dalgarno sequence. 23 However, for pro- tein translation, transcription from the rnpB promoter should run through the terminators, T1 and T2, for the first coding region, and all three terminators (T1, T2, and T3) for the second and third coding regions. It appears that the first overlapping region has higher potential to code for small proteins than the second or third regions. ORF1 in the first overlapping region is initiated from position +431, while ORF2 starts from position +435. To resolve whether these small proteins are expressed, we constructed ORF-GST fusion plasmids where the GST coding region was fused to each ORF in phase. If proteins are expressed through the rnpB transcription unit, ORF-GST fusion proteins should be generated (Fig. 2) . Accordingly, expression of fusion proteins from cells containing ORF-GST fusion vectors was examined. Bacterial cell lysates were pulled down with glutathione-Sepharose beads, and proteins analyzed by Western blot with an anti-GST antibody. We observed expression of ORF1-GST, but not ORF2-GST (Fig. 3 ), suggesting that a small protein encoded by ORF1 is expressed. Expression of ORF1 requires transcription through T1 and T2. Since antitermination is favorable at lower temperatures, possibly due to the melting of terminator stems by cold shock proteins. [24] [25] [26] We examined ORF1-GST expression at 30°C and 15 o C. Interestingly, higher expression was evident at lower temperatures. To determine whether this elevated expression is related to antitermination, we examined alterations in termination efficiency at T1 at lower temperatures. For this purpose, we employed pLMd23, which generates a 147 nt T1-terminated transcript. 20 Upon incubation of cells JM109 cells containing ORF-GST fusion plasmids were grown to A600 of 0.5 at 37°C, and the temperature was shifted to 30°C or 15°C . Lysates from cells before and after the temperature shift were prepared, and used for pull-down of ORF-GST fusion proteins with glutathione Sepharose 4B beads. Proteins were electrophoresed on a 15% SDS-polyacrylamide gel, and immunoblotted using an anti-GST antibody. ORF1 and ORF2 represent proteins obtained from cells containing the ORF1-GST and ORF2-GST fusion plasmids, respectively. Figure 4 . Antitermination at rnpB terminators. E. coli JM109 cells containing pLMd23 were grown to A600 of 0.5 at 37°C, and the temperature was shifted to 25°C or 15°C for 1 h. Total cellular RNAs were prepared before and after the temperature shift, and analyzed by Northern blot using the anti-M1 RNA probe (A) and the antisense oligonucleotide probe containing the rnpB sequence between positions +416 and +432 (B). Lane C represents total cellular RNA isolated from cells withdrawn from the same culture before the temperature shift, and grown for a further 1 h. Primary transcripts are designated t1 and t2, according to the termination position. Processed RNAs from primary transcripts terminated at T1 and T2, denoted p1 and p2, respectively. The expected RNA sizes are specified in parentheses. containing pLMd23 at 15 o C, we observed increased levels of a 260 nt T2-terminated transcript resulting from runthrough transcription at T1. Our results suggest that antitermination is responsible for the high expression of ORF1 at low temperatures (Fig. 4) .
As an initial step to establishing the possible function of ORF1, we examined whether M1 RNA bound to the purified ORF1-GST protein. Significant quantities of ORF1-GST fusion proteins were required for the experiment. We constructed expression plasmids, pET-ORF1-GST and pET-ORF2-GST, where transcription is initiated from the T7 promoter, as well as derivatives (pET-ORF1m-GST and pET-ORF2m-GST) whereby the rnpB intrinsic terminators, T1 and T2, were disrupted by substituting nucleotides in some triplets with others encoding the same amino acids. Higher levels of protein were generated from pET-ORF1m-GST and pET-ORF2m-GST than pET-ORF1-GST and pET-ORF2-GST, respectively, suggesting that some transcription from the T7 promoter by T7 RNA polymerase terminates at T1 and T2 (Fig. 5) . While both ORF1-GST and ORF2-GST were expressed in cells containing the plasmids, only ORF1-GST was present as soluble protein. ORF2-GST was also expressed, but the protein aggregated into inclusion bodies. Consequently, ORF1-GST was purified and analyzed for its M1 RNA content. The purified ORF1-GST protein contained M1 RNA (about 0.01% in the mole ratio), but not control GST protein (Fig. 6) , suggesting that ORF1 functions as a M1 RNA-binding protein. However, we did not observe in vitro interactions between ORF1-GST and M1 RNA (data not shown). It is possible that binding of ORF1-GST to M1 RNA requires additional cellular factors. Alternatively, this discrepancy may be due to the different efficiencies of ribonucleoprotein assembly in vivo and in vitro. 
Discussion
We observed ORF1 expression from the first set of overlapping coding sequences in the 3' flanking region of rnpB. ORF1 is expressed only when transcription runs through both the T1 and T2 terminators of rnpB. Moreover, ORF1 expression is higher at lower temperatures, possibly due to elevated antitermination at the rnpB terminators resulting from an increase in run-through transcription at T1.
No ORF2 expression was evident from the first set of overlapping coding sequences. ORF2 may not be efficiently translated due to the longer distance between the ShineDalgarno sequence and start codon, compared to that of ORF1. 27 Alternatively, ORF2 may be expressed as an insoluble protein, and only soluble proteins are detected with our system using GST pull-down assays. This theory is supported by the observation that most ORF2 proteins expressed from the T7 promoter are insoluble. The overexpressed ORF2 protein might have been be insoluble because soluble ORF1 was not available in the cell, as exemplified in the case where MhpE is soluble only when soluble MhpF was available. 28 Notably, ORF1 and ORF2 are homologous with the N-terminal and C-terminal halves of C5, respectively (Fig. 7) . This may explain why ORF1 does not bind to M1 RNA in vitro, but contains M1 RNA in vivo. Both ORF1 and ORF2 mimic C5 protein in terms of M1 RNA binding. In cells, ORF1 may bind to M1 RNA by interacting with endogenous ORF2 expressed at the basal level. Since C5 protein interacts with RNA molecules other than M1 RNA, 29, 30 it is additionally possible that ORF1, together with ORF2, binds to various types of RNA.
The biological relevance of small proteins encoded in the 3' flanking region of rnpB is unclear. Since lower temperatures are associated with elevated protein expression, their function may be related to the response of bacterial cells upon cold shock. For example, these proteins may modulate the catalytic activity of M1 RNA by promoting the formation of an active RNA conformation at lower temperatures. However, further experiments are essential to confirm the roles of these proteins in cells.
